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1. Introduction.  
A philosopher once quoted "The best discussions is the one that starts with a clear 
question to answer". Based on that, the best researches is the one that defines its main 
objective and solves the problem in a creative approach. In the simplest terms that can be used 
for this purpose, "We want to understand and define the smallest basic element of all 
existence". By doing so, we expect to gain a complete understanding of all the phenomena 
surrounding us.  
 
In our laboratory we investigate the electron transport modes in the mesoscopic 
regimes of quantum scales. Within fine structure devices where all classical concepts are not 
grasped anymore, the discrete particle picture fuses completely with the continuous wave 
concept, to give us a new region of complex interference where both individual quantized 
behavior of energies and particle to particle interaction arises to explain most of the physical 
observations. Furthermore, we focus our studies into the nano-carbon materials quantum 
device structures. Using the temperature dependence and magnetic field influence, we observe 
the device's conduction characteristics to investigate all possible related quantum interference 
behaviors.     
 
This report summarize our experiments to investigate; the response of the graphene 
material for THz irradiation specifically and microwaves generally. The discussion is 
presented on three main phases of discussion points; the theoretical back ground, the 
experimental setup and finally the experimental results.   
 In the theoretical background section: the literature for some of the quantum physics 
and solid states concepts in relation to the graphene material are to be discussed. Furthermore, 
some mesoscopic phenomenon in relation to the study are briefly described, such as; 
Anderson localization, Conductance fluctuations, AB effect, Edge state transport, Quantum 
Hall Effect, the Metal Insulator Transition effect, 1/f Electrical noise, The Microwave - 
Terahertz radiation, Bolometric effect and Nano-sensor devices. 
 In the experimental setup section: our experimental approach is completely described 
in details starting from sample preparation as; substrate washing, micromechanical exfoliation, 
metal contacts deposition up to sample's electrical characteristic investigation. Then, the 
measurement setting starting from sample setup, data acquisition and terahertz radiation 
preparations',  up to data observation. 
 
Finally, in the result section: a complete data analysis and measurements outcomes are 
to be presented and discussed fully in detail. The general explanation in the theoretical 
background section will use a top-down approach to relate the results to other well known and 
explained physical phenomena. In which a clear understanding is needed to see the clear in-
depth phenomena and then relate the observations to the classical understanding and facts. On 
the other hand, the conclusion and result discussion would follow a bottom-up approach to set 
a clear picture of the whole outcomes of the detailed results, then the conclusive summery is 
described upon the given facts. 
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2. Literature: Theoretical Background 
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2.1. What is Graphene ? 
 Graphene is the term given to a single sheet  of carbon atoms set stacked in a two 
dimensional hexagonal honeycomb structures. This material is considered as the basic 
building block of other carbon based materials with its different dimensionalities (Fig. 1). It 
can be wrapped into 0-D fullerenes, or rolled into 1-D nano-tubes or stacked a top each other 
into a 3-D graphite structure. In theory, graphene has been investigated for long time since  its 
discovery, and widely used to describe carbon materials properties building the understanding 
from a well established basic theory. Only recently, it was found that graphen resembles an 
excellent condensed-matter example of a two dimensional quantum electrodynamics. 
 
 Though the graphene was well known as a part of the graphite material, it was 
believed never to exist at free states. The reason is due to its instability with respect to the 
realization of curved structures as in fullerenes and nano-tubes. However, suddenly the 
superior model has turned into a reality when the free-standing graphene was discovered 
about a decade ago. The experiments implied that the charge carriers are indeed mass-less 
Dirac fermion particles, which provides the material with highly ideal structure and set of 
properties. 
 
 
Fig. 1: The evolution from few stack of graphene layers within the graphite to the realization 
of other nano-carbon material well known structures. Reprinted by permission from 
Macmillan Publishers Ltd: Nature Materials [1], copyright 2007. 
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3. About Graphene 
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3.1.  About Graphene. 
     Commonly, the melting temperature point  for a thin film decreases as long as the 
thickness is decreased, and the films become more unstable at thickness below the ten 
atomic layers. For such a reason, atomic mono-layer structures have been known only as an 
integral part of larger 3-D structures, which is only grown epitaxial on top of mono crystals 
with matching crystal lattices. This was a mere deniable fact until the discovery of graphene, 
a completely suspended surface of carbon atoms. Furthermore, the 2-D crystals were found 
to be continuous in their structures with a high quality of crystallization (Fig.2) which is 
quite obvious in case of graphene, in that charge carriers can travel multiple orders of inter 
atomic distances with no scattering, the existence of such one-atom-thick crystal implies that 
strong inter atomic bonds ensures that the thermal fluctuations don't cause dislocations or 
other crystal defects, not even at elevated temperatures. A complementary concept is that the 
extracted 2-D crystals becomes intrinsically more stable by falling-down into the 
corresponding third dimension. That provides an increase in the elastic energy states but 
suppresses the lattices thermal vibration. This is how a scientific unique existence can be 
interpreted.  
 The crystal honeycomb symmetry of graphene with the two sub-lattices atoms A and 
B yields an interesting relativistic, mass-less Dirac fermions state that show a linear 
dispersion around the Dirac-point with an effective mass equivalent to zero just like photons, 
which is described by Dirac Hamiltonian instead of a Schrödinger equation. Thus the 
features of graphene are understood as conservation of chirality and pseudo spin σ at the 
points of A, B atoms [1]: 
       
       
       
               (1.1) 
 
 
 
Fig. 2: The graphene sheet as seen under the microscope at 1000X magnification. The left 
picture shows the AFM image of the sample. 
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3.1.1.  The Band-gap Energy. 
  In the band theory of Solid state physics, material can be classified into three major 
categories; Conductors, Semiconductors and Insulators based on the band gap energy level. 
The band gap is defined as the separation between the "Valence" band & "Conduction" bands. 
The valence band is the highest energy level where the electrons are tightly restricted to 
certain level of energy known as the energy state. The conduction band is a regime where the 
electron isn't tightly restricted; electron can have a freedom of motion mode. Hereby it is 
important to define the Fermi level which plays an essential role to define the conduction 
regime of materials. The Fermi level is defined as the point where the lowest electron of the 
conduction band exists. Hence, if this electron was lying in the conduction band this material 
is refered to as conductive. On the other hand if this Fermi level is seperated by a small 
amount of energy that will still allow excited electrons to reach the conduction band this 
material is called a semiconductor.  Finally, if the bandgap is extremely large, the material 
becomes completely insulative where no interaction between the conduction and valence band 
(Fig. 3).   
 
 
Fig. 3: The Energy gap between the conduction band and valence band.  
 
 The band gap / energy gap of the mono-graphene due to the sp
2
 electron orbits is 
falling under the conductor type of material, thus it is referred to as material with metallic 
transport characteristics (Fig. 4). 
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Fig. 4: The Band Structure of the graphene explains the highly conductive properties. 
*Reprinted by permission from Elsevier Publishers Ltd: Progress in Surface 
Science [2], copyright 2009. 
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3.1.2.  The Chemistry & Physics behind Graphene. 
 Carbon is a chemical material with an atomic number of 6. The single free carbon 
atom tends to shape a tetrahedral pyramid with four electrons; this special tendency leads to 
the formation of the sp
3
 electron orbit. However when these atoms are aligned beside each 
other in 2D structure, each atom tends to form three covalent bonds with only three neighbor 
atoms. Hence the last free electron forms a new orbit in the p
z
 direction orbit in which the 
electron is completely free along the perpendicular axis, which provides the electron with the 
chance to move freely from atom to atom. Thus the π bond structure between neighboring 
atoms provides a good transport of electron from one site to another [3] (Fig 5). 
 
Fig. 5: The sp
2
 electron orbit has a direct influence on the formation of the inter-atomic π-
bond structure  
 
 For a deeper understanding, the investigation of the tight binding model is required. 
By looking at the single graphene sheet region with the defined indicated Brillouin zone. The 
band gap of the complete hexagonal lattice can be visualized clearly. In the tight-binding 
model the two-dimensional energy dispersion relation of graphene could be estimated by 
evaluating the Eigen-value equation for the Hamiltonian related the carbon atom pair within 
the graphene corresponding Brillouin zone (Fig. 6). 
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Fig. 6: Electronic band-gap structure of the tight binding model in the graphene due to the 
high density of states for Holes and electrons. The estimation is based on the A, B 
atom Brillouin zone. The figures are made by the author based on the models in [4]. 
          
     
      
                                               (1.2) 
 
Where                                              (1.3) 
 
     The nearest neighbor c-c overlapping tight binding energy  
Solving the Hamiltonian for it Eigen values result in: 
     
             
     
 
      
   
 
       
   
 
             (1.4) 
 
Where       
 
  corresponds to the π and π* band region 
the electronic energy dispersion relations for graphene as a function of the two-dimensional 
wave-vector in the hexagonal Brillouin lattice. 
      Based on the Bloch band description of graphene's electronic structure; orbital energies 
depend on the momentum of charge carriers in the crystal Brillouin zone. The π and π* bands 
are decoupled because of inversion symmetry and are closer to the Fermi energy because they 
participate less in bonding. The Fermi energy separates the occupied and unoccupied states. 
In al graphene sheet, the energy where the valence and the conduction bands both intertwine 
is known as (the charge neutrality point). The bands touches at two of the high-symmetrical 
locations, conventionally labeled K and K' corresponding to the A, B atoms, of the Brillouin 
zone [3]. 
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Fig. 7: The conical valleys touch at the high symmetrical puddle points, here the 
energy varies linearly with the magnitude of momentum. *Reprinted by 
permission from Elsevier Publishers Ltd: Progress in Surface Science [2], 
copyright 2009. 
 
 On the other hand, the idea that a material with thickness of  one or two atoms which 
can physically holds to harsh condition, thermal processes, different chemical treatment, and 
still conduct electrically is, enough to catch the attention of everybody. In the last few years, 
an enormous development in the study of electronic transport in supported and suspended 
monolayer and bilayer graphene has taken place. Significant advanced investigations in 
graphene have brought to light the many-particles interactions effect, broken symmetry 
phases, as well as demonstration of the fractional quantum Hall effect. Other unique 
properties of graphene, is the coupling between electrons and structural deformations which 
provides a highly uncommon mobility rates of 100,000 up to 200,000 cm
2
/V.s at a carrier 
density of 10
12
 cm
-2
 with a corresponding sheet resistivity of 10
−6
 Ω·cm. This is by far less 
than the resistivity of common conductive metals, the material with the lowest resistance at 
room temperature. However, the optical phonons introduces scattering to the  graphene atop 
the SiO2 which provides larger effect at room temperature more than the scattering orignated 
due to the  graphene’s phonons, thus the mobility degrades down to 50,000 cm2/V.s [5].  
 Due to the lattice symmetry between the A and B atoms, a 2-D membranes embedded 
in 3-D space have a tendency to crumple. These multiple fluctuations can be decreased by the 
inharmonic couplings between the bending and stretching modes which results in the strong 
superimposed fluctuations [6]. 
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Fig. 8: The height of the fluctuation ripples is comparable to the lattice size at room 
temperature. Reprinted by permission from IOP Science Publishers Ltd: Euro-physics 
Letters [7], copyright 2009. 
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3.2. Into the mesoscopic.      
 The mesoscopic physics is the condensed matter field of physics which investigates 
the materials properties in the gray scale region that lays between the macroscopic and 
microscopic from the structural point of view. These scales describe the size scales in the 
order of few atoms and material structures within the micrometer order. The minimum scales 
can be identified as the scale orders of a single atoms. The macroscopic physics usually tends 
to follow the laws defined by classical mechanics. The mesoscopic objects on the other hand, 
usually shows fluctuations around certain mean values which represents the real properties, 
which can be described by quantum mechanics.  
 In a conceptual illustrative understanding, as the macroscopic device is scaled down 
into a mesoscopic scale sizes, eventually it will start to reflect some quantum mechanical 
signs. A convenient example will clarify the meaning; at macroscopic scales a wire's 
conductivity increases linearly as the diameter increases.  But, at macroscopic scales the same 
a wire's conductivity quantizes in discrete manner. This phenomena explains the basic physics 
behind superconductors, metals, semiconductors and insulators relation can only be 
understood from the mesoscopic scales, nothing else. The mesoscopic field completely deals 
with the possibility of realizing new nanodevices, where the "mesoscopic physics" discusses 
the basic problems takes place due to the minimization of the electronic devices. The 
materials physical characteristics changes as the size becomes as small as the orders of few 
nanometers, as the number of the involved atoms on the subject material reaches critical 
scales.        
 Commonly, the mesoscopic regime has no strict definition. However, the observed 
subject devices usually lay in the orders of  0.1 µm to 10 µm, which defines the upper scales 
of the nano-scale regime. The mesoscopic science shows it is importance as a tool in the 
development of new approaches in nanofabrication and nanotechnology fields as a clear scale 
transition point.    
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3.3.1.  Transport Regimes. 
     To understand coherent transport, it is very important to clarify the main characteristic 
length scales of any common subject sample. Hence, transport in nano-electronic systems can 
be classified by the relation of some specific characteristic length scales to the actual sample 
size.  The elastic mean free path, the phase coherent length in relation to the transport regimes 
are to be discussed thoroughly.  
 
     In meso-scopic scales the finite number of scattering centers in very small structures can 
result in a pronounced fluctuations in conductance. The average traveled distances by 
majority carriers between those scattering centers is defined as the elastic mean free path (le), 
which should be compared to the electron wave length (λ) to determine the validity of the 
localizations. The total traveled distance of multiple scatterings is mainly defined by the phase 
information of the carrier type. Then the information is been refreshed by a short round of 
fluctuation regime where the carrier start another phase of scattering sequence. The total 
scattering distance or; the distance from an inelastic scattering where the phase information is 
completely destroyed to the next inelastic scattering is referred to as phase coherence length 
(lΦ) [8].  
 
     As the sample observed areas become smaller and smaller, the definition of the mean free 
path becomes more and more essential. The picture can be clarified by the two modes of 
transports; the diffusive and the ballistic regimes. Whenever the mean free path is smaller 
than the sample dimension i.e. multiple scattering events are involved, the transport is referred 
to as diffusive (Fig. 9). Else when the mean free path is incomparably larger than the sample 
dimension, this mode is referred to as Ballistic where scattering events take places only at the 
boundaries. The existence of some localized states can greatly affect the shape of the sample 
surface potential in the observed region. The localized state or localized scattering centers can 
directly affect the conductance mode by directly inducing some extra resistance factor. These 
states can be a mere reflection of the original defects or disorders of the original silicon 
substrate in case of the graphene sample. 
     
 
Fig. 9: The phase coherence length is the total of multiple scattering lengths, the phase 
information length of the momentum. 
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3.3.2.  Anderson Localization. 
     In any given sample, localized states play an important role to define the general potential 
topography of a sample. Hence the transport behavior can be visualized more appropriately. A 
simple picture to describe the carrier's behavior is the following, all carriers travel in a closed 
loops defined by the phase coherent length (Fig. 10), which implies different free mean paths 
for different transport regimes; this only given at no magnetic field conditions.   
 
 
Fig. 10: The general view of the localized states. 
 
Based on the phase coherence length, each carrier takes a certain closed loop mainly defined 
by the scattering lengths. The consecutive scattering event causes a continuous momentum 
and phase change. In presence of electric field some of these states do not change and keep on 
maintaining their own paths, even in presence of very low magnetic field; these states known 
as localized states; where the elastic mean free path (le) is much smaller compared to the 
electron wave length (λ). These states affect the conductance and resistance behavior of the 
sample strongly. Depending on the magnetic field required to break the loop pattern – Phase 
Breaking Regime – it is possible to classify those states into two main classes; Weak localized 
states and Strong localized states, also known as the Anderson localization (Fig. 11). 
 
 
Fig. 11: Anderson (localized) states in presence of external field where (le) ≥ (λ). 
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As described above these strong localized states are looked at as defects or disorders.      This 
can be interpreted as, a sufficiently large degree of impurity and defect randomness localized 
at certain areas [9]. 
       Based on the original Anderson tight-binding model where electron are allowed to hop 
from an atom into another and the system is exposed to an external random potential, the 
evolution of the wave function ψ is given by the general Schrödinger equation: 
                                                                    (2.1) 
 
Where the Hamiltonian is defined as the sum of random and independent potential point "E" 
and the interaction term "V" which decreases as the k vector point is varying from the initial 
potential point j as: 
 
                                         (2.2) 
 
                                            (2.3) 
 
 
 where, D is the diffusion constant, t is the time factor, C is the diffusivity limit. The 
value of the maximum Anderson localization resistance in quantum dimension scale is 
denoted by the quantum resistance value of h/e
2
 kΩ per electron/hole carrier type [10]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
17 
 
 
3.3.3.  Universal Conductance Fluctuations UCF. 
       In statistical physics it is accustom to think about the properties of large ensembles of 
particles, by averaging the measured property over many microscopic configurations [11]. 
However based on the scale length of the interest, which might involve more than 1011 particles; 
the microscopic scale characteristics truly are scaled up to 100 times. Neither the less, to achieve a 
limited region influence we relayed on the doping modulation techniques which introduced a lot 
of foreign bodies  referred to as impurities.    
 
 
Fig. 12: Image of the Universal Conductance Fluctuations shows the aperiodicity of the 
magneto-conductance fluctuations. Reprinted figure with permission from [12]. 
Copyright 1987 by the American Physical Society. 
 
Impurity scattering produces many interesting phenomena, the most well known is the 
Anderson localization. The presence of localized states produces a metal-insulator transition 
because systems are metallic or insulators depending on whether the states of electrons with 
energy at the Fermi level are extended or localized. Hence; as long as the disorders are weak, 
then on short length scale the wave-function will look like a plane wave, but on a long length 
scale it will be scattered by the potentials of the randomly positioned impurities. Consequently, 
if the disorders are made progressively stronger, it would cause a qualitative change in the 
nature of the wave-function. Here it becomes quite important to define the localized sates as 
very deep potential wells where the wave-function take the form of a state that decay 
exponentially away from appointed site. On the other scale a multiply scattered wave 
functions with certain amplitudes defined everywhere in the system are known as extended 
states [13]. 
 
Based on the linear response theory for conductivity: 
 
 Assuming a picture of a particle interacting with several impurities with potential   
given by             ,  and the electrical field   by the vector potential   thus the 
Hamiltonian is expressed as the electron particle interaction due to the field potential   hence; 
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                                                     (3.1) 
   
 
  
                                        (3.2) 
Where;                              
 
  
                 (3.3) 
Including the evolution picture of the Hamiltonian; 
           
            
        
                (3.4) 
Due to the presence of the vector potential  , the current density operator j(x) induces a 
current vortex given by; 
               
 
   
 
 
  
               
 
  
        (3.5) 
Using the expression for average conductance tensor as function of impurities, 
    
   
   
 
  
               
                (3.6) 
       
 
    
 
  
      
 
  
      
        
       
              (3.7) 
By solving the Hamiltonian for the eigen-value of the matrix system using green function 
iterations' for deferent conditions as random distribution or multilayer structure, the 
conduction can be given as a function of transmission coefficient matrix    as: 
  
   
 
   
 
                                     (3.8) 
Finally, considering the final equation the transmission probability is a value that indicate 
how far this sample is metallic. If the sample is completely metallic it can approach a state 
where all conduction states are complete edge states with a transmission factor of unity.   
 Considering the single particle picture might be enough to understand visually 
mesoscopic phenomena; however the wave picture is more capable to comprehend the 
explanation of conductance fluctuations. In simple terms conductance fluctuations are merely 
the outcome for phase changes accumulation on a certain trajectory path due to different 
electron wave-functions' phases interference cased by scattering centers [15].   
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Fig. 13: The electron wave function is scattered into other waves with different phases. 
 
Away from the ballistic transport regime, when the phase coherence is maintained 
along the whole sample the conductance fluctuations start to show a constant multiple values 
of e
2
/h as predicted by equation (3.7). this quantum interference effect is a clear characteristic 
of metals in which metals shows a universal conductance behavior known as universal 
conductance fluctuations [13]. The fluctuations in a certain energy level density are governed 
by that energy's level of repulsion and therefore take a universal form that was expressed by 
the Dyson-Mehta formula. [15]. 
These fluctuation behaviors could be used to characterize the system or the device 
conduction changes which might be caused by any thermal state variations in the device even 
at random conditions, which is a clear image of the material equivalent phase information of 
the wave function.    
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3.3.4.  Aharonov–Bohm Effect,  Significant tool for Quantum Interference. 
In the presence of magnetic fields, inside a ring structure; electron waves start to 
exhibit a phase shift introduced by the magnetic vector potential "A" equation (3.4). in very 
small fine structure where there is no scattering contribution, an interference pattern can be 
observed clearly in the magneto-resistance of the sample/device as combination of 
constructive and destructive interferences with a cycle period of Φo = h/e. For different 
electrons on deferent paths, they obtain a different phase changes based on the path length 
[11]. 
 
 
Fig. 14: The magnetic potential A affect the phase of electron wave interference. 
The general interference should reflect on the sample's transport properties as described by 
the landau Formula: 
                                                       (4.1) 
  
   
 
      
     
      
                     (4.2) 
                                                (4.3) 
  
 The conductance amplitude can reach its maximum when the transmission coefficient 
is close to unity; hence the scattering is dominated by the metallic property of the sample. At 
this point we should be able to differentiate between standard fluctuations and clear quantum 
interference.  
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It has been shown that the amplitudes of the zero temperature fluctuations are not affected by 
the electron-electron interactions even at the lowest orders. They are completely time 
independent stochastic reproducible magneto resistance patterns. As the temperature increases 
the fluctuations are washed out which indicates that the temperature dependant length scales 
are affected [16]. 
 
 
Fig. 15: Aharonov-Bohm oscillations as observed by R. A. Webb & S. Washburn group and 
their temperature dependence. Reprinted figure with permission from [16]. Copyright 
1985 by the American Physical Society. 
       The Aharonov–Bohm (AB) oscillations are distinguished from Altshuler-Aronov-Spivak 
(AAS) Oscillations where the late one - AAS - occurs with periods of Φo/2 = h/2e for narrow 
wire samples. The total contribution of these oscillations provides an aperiodic fluctuations in 
the magneto resistance and appears as broad band component in the corresponding Fourier 
spectrum (f) vs. (1/∆B). These fluctuations are attributed to the interference of electron wave 
propagating through several channels. In presence of low magnetic field, the mean free path is 
shorter than the cyclotron radius, hence the variance of UCF is almost equal to e
2
/h, where the 
correlation field within the conventional expected values. On the other hand, in presence of 
higher magnetic field landau level quantization becomes dominant therefore, the low 
frequency shifts in the Frequency Space. This explains the fluctuations theoretically. [17]. 
 Here we see that, the AB effect is representation of the phase information of the wave 
function which introduces us to the understanding of the changes been introduced to the phase 
information of the wave function, which will appear as a change in the standard fluctuations 
durations.    
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3.3.5.  Edge State Transport. 
In a 1D electron system the mean free path based scattering is an Image of lattice 
vibration. However in 2D systems the situation is a bit different due to boundary interactions 
of lattices that affects electron path with the confinement potential due to applied gate voltage. 
This is where the landau model tries to explain some of the 1D transport in an ideal wire 
structure based only on the density of states and Fermi velocity. However, in presence of 
magnetic field applied to a 2DEG the Edge state model shows a high capability to explain the 
potential states relationship looked at as Localized State, due to sample irregularities. 
In presence of strong magnetic field, the edge channels form a defined path for electron in one 
direction along the sample edge with deferent energy levels that reflect the number of fully 
occupied levels known as filling factors. Along the random potential states in the sample the 
edge states are confined in a narrow space equally to about 10 nm. However, increasing the 
magnetic field will make the edge channels even narrower. Thus, the localized states define 
the Quantum Hall Resistance for this case. Under this scenario, the overall capacitance will 
show a valley at the points where the Edge states channels are formed. 
 The cyclotron motion of an electron in a 2DEG is defined by the potential states of 
that 2DEG. However a higher applied magnetic field will allow the electron to have a shorter 
cyclotron motion path in cost of a higher energy level. Due to this 2D free motion, the 
correlation between the quantized Hall resistance and the longitudinal bar resistance is 
interchangeably related to each other [18]. 
 
 
Fig. 16: The edge state channels at high magnetic field increases the transmission probability. 
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In general, at high temperature level, the localization states start to smear out. A 
sudden increase in temperature introduces a phase break down consequently this affects the 
localization length to be shorter. Thus the Anderson localization applies no more in such state, 
and this where the conduction fluctuation shows on. 
Based on this understanding, the fluctuation probability can be expressed as; the variation of 
state probabilities cased by the non-localized state disruption due to the direct phase miss 
match. In a high magnetic field this is known as Anderson localization. At high magnetic field, 
the story is a bit different. Upon reaching the suitable states the electrons start to form a 
discrete energy level state, known as the landau levels (Fig. 17). At those levels some the 
neglected factors as electron to atom coupling force arises the realization at extremely high 
level of topological potential uniformity [8]. 
 
 
Fig. 17: The Landau levels' density of states as function of the applied magnetic field. 
 
Note;              
  
    
                                 (5.1) 
In a classical two dimensional electron gas, as the carriers are subjected to external 
magnetic field they gotten caught into the cyclotron circular orbits. When the energy level are 
treated quantum mechanically, they show a clear quantized states. These energy quantized 
levels are described by:            
         
 
 
        (5.2) 
Where the cyclotron frequency which is in the terahertz frequency orders is given by: 
        
  
  
                         (5.3) 
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3.3.6.  The Quantum Hall Effect. 
 The Quantum Hall effect (QHE) is a term refers to the quantum mechanical 
phenomena induced due to the potential variation (The Hall voltage) across a conductor, 
across to the flowing current in the conductor while the magnetic field is perpendicularly 
applied to the same surface where the current and the voltage are induced. This phenomena 
was discovered by Edwin Hall in 1879 [19].  
 
Fig. 18: Hall voltage measurement is in a transverse direction of the current in magnetic field. 
 
 Quantum Hall effect QHE, is a well known common quantum mechanical phenomena 
induced in the 2 DEGs under the influence of an intense external magnetic field at low 
temperature, where the Hall conductivity σ starts to quantize: 
   
  
 
                          (6.1) 
 
 ν is the "filling factor", which expressed as integer values as (ν = 1, 2, 3, ...) or by fractional 
values as (ν = 1/3, 2/5, 3/7, 2/3, 3/5, 1/5, 2/9, 3/13, 5/2, 12/5...). The QHE is described as 
either the integer or fractional QHE depending on the filling factors being an integer or 
fraction factor differently. The physics behind the integer QHE is significantly investigated 
and comprehensively understood, which can be interpreted in a relative relation to the one-
particle orbits of the electrons based on the landau level quantization. 
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Fig. 19: Integer QHE as a function of fully occupied Landau level under the Fermi energy. 
 
 The Hall conductance quantization  has shown  an absolute precision in their values. The 
error in the QH conductance values were found to be ignorable. This behavior, is called "absolute 
quantization", which has shown a consistent reproducibility of the principle known by the "gauge 
invariance". This observation provided  a new practical definition for the resistance property; as the 
semiconductor is kept in a magnetic field, the charge carriers of the same semiconductor experience a 
force in a direction perpendicular to both the magnetic field and the current flow [20].  
 
 
Fig. 20: The Hall resistance measurement as function of the gate bias in graphene. Reprinted 
by permission from Macmillan Publishers Ltd: Nature [20], copyright 2005. 
26 
 
 
 The Hall coefficient simple formula becomes more complex in a real semiconductor 
where both electron and hole  carriers are present in different concentrations and have 
different mobilities. At moderate magnetic fields the coefficient is given by: 
 
   
    
     
 
           
            (6.2) 
where n is the electron carrier density, p the hole carrier density, µe the electron carrier 
mobility, µh the hole carrier mobility. is the electronic charge. 
At large magnetic fields the expression is simplified to single carrier type: 
 
   
       
        
                       (6.3) 
With,                                                        
  
  
                (6.4) 
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3.3.7.  Metal - Insulator Transition MIT. 
The classical band theory of solid state physics predicts the Fermi level should exist in 
the gap region for insulators and semiconductors, and within the conduction-band for metals 
(Fig. 3). Never the less, some materials have shown insulating behavior even  though they are 
originally shown a metallic band structure. This behavior is caused by the dominant electron-
electron interaction [21]. The metal insulator transition (MIT) is main identified by the  
conductivity that will approach a values equivalent to zero  in the insulating phase commonly 
accompanied by large resistance change by multiple orders of magnitudes. Those changes are 
observed in the condensed-matter physics. This change can be explained based on the Mott 
transition model.  
In a simplified lattice model with a single electron per site. Without considering the 
interaction into account, a site could be occupied only by single pair of electrons following 
Pauli Exclusion Principle. One electron with up-spin  and other with down-spin. At this point, 
because of the dominant electron-electron interaction, the electrons would feel a strong 
coulomb repulsion probably due to spin state change, which splits the band in two (Fig. 23). 
 
 
 
Fig. 23: The d band splits into two sub bands and open up a charge gap due to interaction. 
 
 
 
. 
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Here, the first electron occupies the lower band, while the other electron occupies  the 
upper band. As each site is now occupied by only one electron the lower band now (upper p-
band, lower d-band) are completely filled  and on the contrary, the upper band (upper d-band) 
is completely empty, this phase is called the Mott insulator. However some material shows 
different metallic properties when they are returned back to the original metallic state. This 
behavior is explained as; some excited state from the modified d-bands remains at their state 
and do not return back to the past original state [21].   
 Based on the Hubbard Model for the hydrogen atom in a 1D picture,  
 
                                (7.1) 
          
                           (7.2) 
          
 
 
      
 
 
               (7.3) 
And;                                                               (7.4) 
 
 The Hamiltonian terms represented in the equation are simple notation for the hopping 
term t, the coulomb interaction U, and finally the conduction state due to complete of half 
filled state. Taking the Hamiltonian without the contribution of the second term into 
consideration, we are left only with the tight binding model from the basic band theory. 
 When the second term above is added, the equation becomes a realistic model that 
predicts the metal insulator transition due to the inter-atomic spacing increase factor. By 
ignore the first term under the assumption that the spacing is infinite, the equation resolves 
into a simple terms of individual magnetic moment. Furthermore, when the contributions from 
the first term is considered, the material remains an insulator. The overlap integration should 
provide an exchange interactions term between neighboring magnetic moments, which would 
provide a variety of interesting magnetic correlations [21]. 
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Fig. 24: The lattice transition, the band gap excitation is relevant to the transport energy. 
 
 
L. A. Ponomarenko and his group from the School of Physics and Astronomy, 
University of Manchester, at Manchester in UK, has reported a study with the possibility to 
observe such a MIT behavior occurrence in the graphene material. Using a hetrostrcture 
sandwich of BN in a bilayer graphene they were able to record an Anderson localization states 
very clearly at 20 K degrees. 
 
In G-hBN, the system is maintained away from the metal insulator transition state 
because of the puddle state. the resistivity of the inhomogeneous system is determined by the 
inter-puddle providing a resistivity ~ h/4e
2
. The MIT can be recovered as the puddle state is 
decreased by decreasing the carrier density. As such, the controlled layer has been used to 
screen out the background potential. Experimentally, this is quit identical to the observations 
from the Hall measurements, as the ρxy  transition occurs on narrower regions at high carrier 
densities. Further investigations are required to understand the underlining physics in more 
details such as the mechanism of inter-valley scattering [22]. 
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Fig. 25:  (a) The heterostructure and the measurement illustrations. (b, c) the carrier density of 
the study layer as function of  density in the control layer at 20 and 70 K, with a 4nm 
h-BN spacer. Reprinted by permission from Macmillan Publishers Ltd: Nature 
Physics [22], copyright 2011.  
 
However this leaves the question for the monolayer open. Will we ever be able 
somehow to introduce such effect to the single sheet structure ? What are the limitations 
considering the carrier density ? Is there an easier way we did not consider yet ? These 
questions should to be answered quit soon ! 
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3.3.8. Microwave Radiations.  
 Microwaves merely corresponds to electromagnetic wave with wavelengths ranging 
from one meter down to about  one millimeter or equivalently, frequency between 0.3 GHz 
and 300 GHz. This broad definition includes both the Ultra High Frequency UHF and the 
Extreme High Frequency EHF (of millimeter wave). Generally, microwaves includes the 
entire Super High Frequency SHF band (3 to 30 GHz, or 10 to 1 cm). The RF engineering 
usually  refers to the boundaries between 1 GHz (30 cm), and 100 GHz (3 mm). Techniques 
also they might be referred to in terms of dimensionality by "microwave" where the 
wavelengths of the signals are as same as the dimensions of the object equipment.  
 Practical Microwave techniques usually doesn't consider discrete components. 
However, circuit based approaches and transmission theory are more useful methods for 
investigation and analysis to look more deeply into the physics of materials based on the wave 
propagation characteristics. Wave propagation effects as reflection, polarization, scattering, 
diffraction, and atmospheric absorptions which are connected directly to the visible spectrum 
are of great importance in the study of solid structures. Thus, in this case the same equations 
of electromagnetism applies to the corresponding range of frequency [23]. 
 
 
Fig. 26: The complete electromagnetic spectrum in term of frequencies from the low side of                                                 
the Radio wave up to the X-ray, Gamma-ray region. 
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 Microwave technologies are extensively used for point-to-point telecommunications. 
Microwaves are assumed to be the best candidate for this use, this is because they have the 
tendency to be focused into narrow beams more than radio waves, not only that but also they 
are much higher in frequencies which allow much broader bandwidth and faster flow of data. 
The microwaves provides a main approach for data transition and connection between earth 
base-stations  and space-satellites. Microwaves are also deployed in the well known ovens of 
the same name and in radar systems. At frequencies around 20 GHz, the microwave 
decreasing transmission through air is clearly observed.  
 The transmission decay is due to the absorption of water for these frequencies at lower 
frequencies, and absorption of oxygen at more higher frequencies. This is due to rotational 
transitions which causes fluctuation behavior. beyond 300 GHz, the electromagnetic 
microwave  absorption by Earth's atmosphere is dominant, until the atmosphere shows 
transparency once more in the infrared and the optical  frequency range [24]. 
 
 
Fig. 27:  The deferent atmospheric factors playing deferent roles on deferent regimes in the  
               adsorption of the transmission of frequencies (Hz). 
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3.3.9.  Terahertz Radiation (THz). 
 In concept, when a tight bundle of electrons at speed of light are irradiated and 
directed  through a magnetic field, the electrons shall irradiate a range of rays at frequencies 
near to trillion hertz, these radiations known as  Terahertz frequency. The Terahertz also 
abbreviated as T-rays are especially beneficial for biological molecules investigation. 
Invisible Terahertz are considered along the radio waves, microwaves, infrared light, 
ultraviolet and X-ray as part of electromagnetic wave. But unlike the other commonly known  
forms of energy wave, up till recently Terahertz have not been completely explored due to the 
fact that  no one could make them bright enough.  
 
Fig. 28: The THz spectral regime (40GHz – 4THz) or (7.5mm – 75µm). 
 
Terahertz rays are electromagnetic radiation with no potentials of ionization, thus they 
are harmless. They penetrate mediums such as cloths, papers, cardboards, woods, plastics and 
ceramic with no measurable impact. They can even pass through fog and cloud. Terahertz 
wavelengths are characterized between the microwaves and the infrared with high intensity 
bimolecular vibration. For more than decades, researchers have focused their investigation on 
the terahertz in order to  look for better way to generate and utilize it more effectively. 
Scientists are mostly directed toward the development of terahertz ray generation and 
detection, particularly for applications in medical imaging and security scanning systems. 
Never the less, Terahertz includes a region of electromagnetic waves which still far from 
being understood, and needs further investigation [25]. Based on the desired range of 
frequency the methodology of Terahertz generation might be different. Generally, the 
terahertz irradiation are usually emitted as parts of the black-body radiations from anybody 
with temperatures above than the 10 K. Experimentally, the generation of accurate THz 
irradiation has been shown by some groups [26].  
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3.3.10.  The Bolometric Effect. 
 A bolometer is a device for measuring the power of incident electromagnetic radiation  
due to induced heating of certain subjected material. The change is detected based on 
temperature-dependent electrical resistance variation. The name originally came from the 
greek word "bole" (βολή), for something thrown, just as the rays of light. Bolometers are 
commonly used for the quantification of wave emission in both astronomy and particle 
physics [29]. Bolometers can be used to measure radiations of any frequency. For most 
wavelength ranges there are other more sensitive methods of detection. however, bolometers 
are among the most sensitive detection mechanisms. Therefore, bolometers are mainly used 
for astronomy to observe wavelengths going under Doppler effect. To achieve the best 
sensitivity, these detectors must be cooled down to a fraction of a degree above absolute zero. 
 
Fig. 29: The bolometer conceptual scheme using electrical circuit components. 
 Another technique worth mentioning is the direct bolometric detection of incident 
particles, where a small variation in the system thermal state is identified within the 
nanostructure, to realize wideband photon detection [27–31]. In other recent work, counting 
of single photons due to THz was achieved with high precision, through energetically 
transitions within the levels of semiconductor QD based on bolometer [32–33]. Based on 
simple electrical circuitry concept; the bolometric effect was proven to be an increase in the 
sample temperature due to the incident photons that induce some phonons into the surface 
nearest layers that lays within a multiples of the incident wave length. W. Grill and O. Weis 
reported that a sample of 1000 mm
3
 has shown a high sudden temperature increase that can't 
be explained by the power lose factor. The amount of resistance required to induce such heat 
was a few multiples of the original sample resistance at the same level of the measurement 
current, while using liquid helium to cool down the sample [34]. This finding opened the 
experimental approach to develop the bolometer sensor devices.   
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3.3.11. Nano-sensor device.  
 The term Nano-sensors refers to biological, chemical, or surgical sensory points used 
to convey information about nano-particles to the macroscopic world. Hence,  the practical 
definition  is modified based on the subject targets of the investigation. A nano-sensor is a 
miniature scale of sensing device where size and performance are required to fit the 
requirements of the application. 
 
 
Fig. 30: Commonly used nano sensor devices scheme and their corresponding basic scheme. 
 
 Usually a huge time breach exists between experimental science and practical product 
exists. Majorly it takes some years to realize the technical impacts of nano-technology and 
even much longer to realize the benefits through useful products. However, recently many 
groups have identified many specific nanotechnologies, using carbon nano-materials, that can 
show fast impacts and also that can produce sensor products useful for existing products. The 
unique quantum electronic properties of carbon materials such as graphene and nanotube 
could be utilized to deliver a new standard bases for the design, fabrication, and market scale 
production of nano-sensors.  
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 The recent achievements, had established a good establishment for the design and 
manufacturing of sensors. These sensors have been trans-integrated into a Complementary 
metal–oxide–semiconductor process technology highlighting them as examples for applicable 
nano-device, The road for these practical well developed sensors will require significant new 
innovative approaches. The desire to develop a reliable technology requires us to determine 
the performance characteristic of a sensing device.   
 Few important deterministic properties are; the response time, the sensitivity and 
stability of the device, and all these aspects are strongly connected to the electrical mobility 
characteristic of the subject material [35]. Hence, the graphene material holds a promising 
possibilities. At low temperature levels a nonlinear behavior can be used to utilize as a 
detection parameters in graphene, However, as the temperature increases, the need to utilize 
bolometric detection mechanism starts to demonstrate a dominant role [36]. And here arises 
the role of the electrical mobility, where the mobility can play an important role to distribute 
the induced thermal energy. However, for the system to detect such induced change, the local 
thermal energy should be as low as possible in comparison to the induced change. Thus, it is 
necessary to insure that induced joule heating in a sample is small compared to the induced 
thermoelectric or photoelectric currents [37]. And this will highlight a key-point in our 
experiment.   
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3.3.12.  1/f  Electrical Noise. 
In electronic devices, electrical noises are fluctuations in the electrical signals, a 
common characteristic observed  in most of the electronic devices. Electrical noises in 
electrical devices vary differently, as it can be generated due to different origins. Thermal 
noises are eminent behavior at temperatures other than zero as shown by the fluctuation 
dissipation theorem. different noise types mostly dependant on the device dimensionalities 
such as shot Noise, 1/f noise known as  Flicker noise, cross talk noise, transit-time noise, burst 
noise, etc... 
The 1/f noise is considered as an intermediate phase between the well defined white 
noise with no time correlation and the random red noise - also known as Brownian motion - 
with a very weak correlation over time. Stochastically, red noise is equivalent to the integral 
of white noise and correspondingly, the White noise is derivative of the Brownian motion. 
Therefore, 1/f noise can't be obtained by the simply integrating or differentiating common 
signals. Furthermore, there is no linear stochastic differential relation that could generate 
signals with white noise components [37].  
 
Fig. 31: The Red, Pink, and White noise as time function and frequency noise spectrum 
corresponding to 1/f
 2
, 1/f, and flat or constant regimes. 
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The universal observation of signals noise components suggest that a common 
mathematical expression that can explain the white noise does exists. Accordingly, the 
universality of the 1/f noise is one of the most intriguing phenomena in modern physics and 
science in general. The case of 1/f 
α
 where α = 1 , or pink noise, is the most recognized case, 
but the more general form, where 0 < α ≤ 2 , is most of the times is called by 1/f. The 1/f α 
noise is of great interest because it shows widely in most of the devices, whether it is made by 
nature or human.  
The 1/f fluctuation have been observed everywhere for more than 90 years, since the 
first time when they were observed by Johnson (1925). Long term memory processes with 
long-term correlations and 1/f 
α
 power spectrum, are powerful tools to analyze the thermal 
variations in electrical devices. The thermal noise f 1/f noise refers to the phenomenon of the 
spectral density S(f) , of the stochastic process, which have the form; S(f) = constant / f 
α
, on 
an interval between  both zero and infinity.  
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4. The Experiment 
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4.  The Experiment. 
In this section of the report a complete background about the history of this research will be 
described, hence the relation that lead to this study becomes obvious. 
4.1.  Back ground of previous studies. 
In our laboratory we investigate all phenomena related quantum transport behavior in 
quantum structure; from quantum point contacts, quantum dots and quantum wires. 
Furthermore, we focus our studies in nano-carbon materials with its three structures, fullerene, 
carbon nanotubes and graphene. In collaboration with other institutes we try to explore the 
depth of quantum physical phenomena from electron tunneling to phase coherence and spin 
interaction behaviors. We usually base our studies on the observation of magneto-resistance; 
we drive most of our analysis out from the main temperature and back gate dependences'. 
During the joint collaboration period with RIKEN represented by Professor K. Ishibashi, 
Arizona state University represented by professor D.K. Ferry & New York state University at 
Buffalo represented by professor J.P. Bird we were able to establish a very reliable approach 
under the presence of our laboratory mentors professors Y. Ochiai & N. Aoki.      
In the following pages, a summary of the related studies will be briefly over covered 
in a simplified approach. Here at this point I would like to express my deep gratitude for all 
these people who help me to obtain my current level of basic knowledge, alongside all of the 
laboratory members within the past five years, Thank you!    
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4.1.1.  Fractal Behavior in Graphene Quantum Dot (Ochiai-Aoki Group). 
The quantum dot was fabricated by micromechanically exfoliating graphene. At low 
temperature, the transport has been studied in graphene QD and showed evidence of fractal 
behavior under the presence of a normal magnetic field. The magneto-conductance of the 
quantum structure showed a clear self similarity, which reflected the fractal dimensionality 
determined by 1.5. Here a strong suppression in the weak localization due to the mesoscopic 
of the graphene was clearly observed. The relation between the fractal behavior and structural 
topology of graphene remains far unclear; considering these  limits a well based definition 
was concluded [38]. 
 
 
Fig. 32: The AFM Image of the Sample used in this study, thickness is identified as 
7Å. Reprinted by permission from IOP Publishers Ltd: Jour. Phys.: Condens. 
Matter  [38], copyright 2009. 
 
In our recent years a chain of experimental studies on graphene electrical conductivity 
were carried on to provide further understanding. Physical phenomena due to Weak 
localization states, universal conductance fluctuation has provided us with clear expansion up 
to the observations under the concept of quantum interference basics understanding. As part 
of our research group background, Universal Fluctuation Conductance (UCF) for magneto- 
transport properties of graphene has been observed at low-temperature. 
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 Thus, our summery to the Japanese physics Society in the 65th meeting came to; the 
detailed observations of the conductance fluctuations with external magnetic field was swept 
to observe the corresponding Fourier power spectrum  of Universal Fluctuation Conductance 
that clearly showed the periodicity of the field dependence (quasi-periodicity).The Universal 
conductivity had shown strong non-periodic behavior that varied with fluctuations hence, the 
irrelevance to the presence of Universal Conductance Fluctuation has been observed. 
Experimental study research of electrical conduction in open semiconductor quantum dot 
research has been reported.  And in recent years, theoretical study was accompanied alongside 
indicating such pseudo periodicity in graphene UFC observation is true. These experimental 
and theoretical facts shown in graphene materials strongly suggest the conductance 
fluctuation periodicity in electrical conduction mechanism. 
Pursuing furthermore, the observed UCF at low temperature magneto-resistance of a 
relatively larger grapheme sample had gave us the lead. The analysis in bigger graphene 
samples area had implied that effect of impurities which also referred to as metallic-effect in 
graphene surface are even thought to be more susceptible than that of a small graphene 
samples area. As a result, the large graphene sample has not shown any quasi periodic 
fluctuation in our observations. Here by the final conclusion was generalized in the two 
graphene samples for the Universal Conductance Fluctuation observations 
The analysis was carried by removing the first harmonic component of the magneto-
resistance curve. The fluctuation trace was observed clearly, where the sign of the weak 
localization state were observed at low magnetic field. 
 
 
Fig. 33: The magneto-conductance swept at ±8T, then fluctuations are generated after the the 
background subtraction.  
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Fig. 34: Fourier transforms to observe the second harmonic component (fB2) of the correlation 
field and its periodicity. 
 
 The fluctuation data is used to estimate the effective harmonic periodicity to be B2 = 
0.0561 T, then using the Fourier transform to see the fluctuation curve harmonic component, 
the second corresponding harmonic frequency component is fB2 = 18.0 T 
-1
, which 
corresponds to the BCF = 0.054 T as in (Fig. 34, 35).   
Referring to the definition of the autocorrelation function, it defines the field correlation value 
as the point where the fluctuation falls from its peak value to 0.5 of the maximum. 
 
                                     (8.1) 
                                  
 
 
      (8.2) 
                                   
 
 
   (8.3) 
                                                      (8.4) 
 
 where BC is the correlation field, Sφ is the phase interference area, Lφ is the phase 
coherent length. By direct substitution in equations (8.3) & (8.4), the phase coherence length 
is estimated to be 600 nm in comparison to the sample dimension size. The transport regime 
was concluded to be Ballistic in comparison to the sample length. 
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Fig. 35: The correlation field from the auto correlation is used to define the coherence length. 
 
 At this step, the fractal behavior of the electron transport is clearly recorded, due to the 
dominance of the ballistic regime the transport pattern is repeatedly recorded on different 
scales of the correlation field. Thus the fitting of the patterns will follow a constant power 
factor of scale. 
 
Fig. 36: The recording of the fractal behavior with factor of DFE = 1.5. 
Hence a conclusive summary of the results was; "The observation of the fractal behavior is 
absolutely in strong relation to the ballistic Regime of transport" [38].   
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4.1.2.  THz detection in a quantum point structure (J.P. Bird Group). 
 There is much interest is using semiconductor nano-devices for terahertz (THz) 
detection, with several studies having explored the use of quantum point contacts QPCs for 
such sensing. Lateral confinement of carriers in these structures forms one-dimensional 1D 
sub-bands, and, in the "open" regime, one or more of these lie below the Fermi level, 
quantizing the linear conductance in units of 2e
2
/h. The THz photo-response in this regime 
has been attributed to various mechanisms, including heating of the QPC two-dimensional 
electron gas 2DEG, and rectification of the non-linear1 and linear conductance. 
 As well known THz irradiation of pinched-off quantum point contacts QPCs can 
generates a pronounced photo-current due to radiation-induced heating. This response is 
reproduced by a model of temperature-dependent transmission through a saddle potential, 
confirming as a bolometric nature response mechanism. 
 
 
Fig. 37: The GaAs sample layout pattern of the bowtie antenna structure. Reprinted by 
permission from IEEE Publishers Ltd: IEEE Sensors Journal [39], © 2013 IEEE. 
 
 A high-mobility GaAs quantum well was used to fabricate a QPCs with integrated 
bowtie antennas (Fig. 37), at 2.5K, the 2DEG density was 3.4 x 10
11
 cm
−2
 while the mobility 
was estimated to be 4 x 10
5
 cm
2
/V.s. Hence, a CO2 gas laser was used to pump CH2F2 
(CH3OH), generating radiation at 1.63 THz. The THz beam was irradiated onto the sample 
through the window of a 
4
He cryostat in which the QPC was mounted.  
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 The laser power was set to about 20 mW, thus the size of the beam, which was 
polarized parallel to the current, was around 10 mm
2
. The linear conductance showed the 
usual quantized steps as Vg was varied. 
 
 
Fig. 38: The back gate dependence of the conductance and the source drain current. Reprinted 
by permission from IEEE Publishers Ltd: IEEE Sensors Journal [39], © 2013 IEEE. 
Also, Reproduced with permission from [40]. Copyright [APPLIED PHYSICS 
LETTERS 2010], AIP Publishing LLC. 
 
 As the theory indicates, decreasing the back gate voltage increases the tendency of the 
pinch-off effect at low biasing points. The radiation effect on modulating the QPC source-
drain voltage and gate voltage was discussed; since the current Id depends nonlinearly on Vg, 
the trans-conductance (Id /Vg) associated with this can then lead to a measurable rectified 
photo-response. The quantized linear conductance is not the only non-linearity exhibited by 
these devices, however, another regime of interest is that where the QPC is strongly pinched 
off near Vsd = 0. Here, the THz photo-response for the 1.63 THz was demonstrated in this 
regime where there t is no rectification bases, but is rather bolometric. The dominance of the 
bolometric response is attributed to the fact that, under pinch-off, the current is limited by a 
gate-induced barrier, and is strongly sensitive to temperature.  
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Fig. 39: The Response to terahertz, the effect can be observed at high/low regimes of Vg. 
Reprinted by permission from IEEE Publishers Ltd: IEEE Sensors Journal [39], © 
2013 IEEE. 
The asymmetry of the curves about Vsd = 0, reflects the similarly asymmetric manner in 
which the voltage drops across opposite ends of the QPC. A saddle potential model is used to 
calculate ITHz. The results of the calculations are similar to the experimental based on: 
 
       
 
 
    
    
     
   
    
       
    
   
 
 
    
   
     
               (8.1) 
Reprinted by permission from IEEE Publishers Ltd: IEEE Sensors Journal [39], © 2013 
IEEE. 
 While in open transport one does not expect strong changes of conductance with 
temperature, transport under pinch off is limited by a barrier and even small changes of 
temperature can yield a significant change of current. While this does not mean that 
rectification is insignificant in this regime, its effect is swamped by the bolometric current. 
The calculations shows the rectified current varies only weakly at higher temperatures, it is 
possible that this could again win over the bolometric response, which should weaken as 
temperature increases. This behavior  is modeled by “leaky capacitor” model to analyze the 
high-frequency operation as Schottky diodes. 
 The investigation at the barrier-limits and multi-sub band regimes has shown that; 
strong non-linearity orings in the trans-conductivity, is due to the 1 dimensional quantization 
as shown in Fig. 39 can provide an imminent rectification effect in the induced photo-current 
as function of either Vg and Vsd.  
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 In the subject structure, the origins of the THz rectification were described to be 
highly non-linear. By utilizing the non-linear properties of the semiconducting material, an 
approach towards extending the THz rectification up to high temperature scales close to the 
300 K was achieved.  
 
 
Fig. 40: The response peak regeneration with respect to Vg  and the  temperature dependence. 
Reproduced with permission from [40]. Copyright [APPLIED PHYSICS LETTERS 
2010], AIP Publishing LLC. 
 
In summary the research investigates the high pinch-off around the low back gate 
voltage region which reflects the increased importance of other processes at higher points, 
such a rectification and quantum photon assisted transport. Never the less, further studies are 
required for clarifications. 
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In This Experiment. 
 In this research, the main characteristics of the graphene device are to be investigated 
thoroughly based on our understanding for graphene quantum structures in Two Dimensional 
Electron Gas (2DEG) system under the influence of the terahertz frequency irradiation [38].     
       As a single atom layer material, graphene shows complete metallic property of 
characteristics. Never the less, with extremely high electron mobility that seems to be as 10 
times of other common metals. However, the best is yet to come out of utilizing this material 
in the proper ways. When the double layer structure of the same material are observed, a 
small controllable band gap in the order of few milli-electron volts is induced. This unique 
formation has increased the interests in the possibility of the existence for a material where 
the realization of the metal/insulator transition has fallen within the reach. So far, graphene 
material has opened the way for new understanding of quantum physics and nanoscience, but 
yet, more  applications are still under further investigations to explain basic physics. As for a 
very small – nanoscale – material; graphene cannot be manufactured or manifested into large 
scale devices, on the other hand, these very small scales are extremely sensitive to the electro-
magnetic waves around us; thus so many kinds of undesired noises are induced in such a 
small devices where manyr interpretations are expected to define known effect by new 
physics.       
 As electronic device makers are pointing to smaller, mobile, low consumption and 
extremely low cost methods to create a new generation of nanoelectronic devices, the answer 
most likely lays in carbon nanomaterials. Carbon materials are environmentally, non harmful 
as they are used even as for their manufacturing wastes. This is a very good advantage point 
over other materials such as GaAs, of course, not to mention the process total cost. In simple 
terms, carbon materials are the future; literary not only because of their possible applications, 
but also because they provide us with a way to protect our planet more efficiently.    
From such perspective, this study focus to look more deeply into the electrical properties of 
carbon material, especially graphene [38, 41, 42]. In this research, the focus will be directed 
on the graphene response for the microwaves and terahertz regime applications. The terahertz 
wave has been known to be un-harmful to human organs due to their wavelengths which is 
completely penetrable to human organs scale size. Therefore, the objective of this study is to 
carry the previously discussed two investigations a step further. To study the graphene 
material application capabilities for the THz detection as a work done within the graduate 
school of advanced integration science at Chiba university.   
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4.2.  The Method. 
 This research was mainly based on the observation of the electrical resistance of 
graphene at room temperature while considering the uncontrolled environmental condition 
into account intentionally. Although, the data resolution was significantly high; the approach 
to analyze the data was considered using different process.  
In this part of this report we discuss the sample preparation, the experimental setup, and the 
measurement. Then, a statistical based approach was used to analysis the data. The statistical 
method helps to eliminate the accumulative error or random factors due to; instrumental error, 
and human error, surrounding noise components. Hence, the result reproducibility has been 
observed through multiple cycles. 
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4.2.1.  Sample preparation. 
Now in this section a detailed idea of the device preparation will be discussed, starting from 
the substrate washing, graphene sample positioning, photo-resist, photo lithography, metal 
deposition, lift-off, sample device contacts' characterization.  
Substrate washing. 
The silicon substrate capped with silicon dioxide layer (SiO2) of 300 nm was cut into small 
pieces with the dimensions of 4mm x 6mm. then the substrate is washed chemically to insure 
there is no any dust or oily residues which might affect the quality of the produced graphene. 
The presence of any particle will greatly affect the graphene sample topography. The 
chemical cleaning was done as follows: 
 Acetone in Ultrasonic for 10 min, after (pre-degassing for 5 min). 
 A cotton tip dipped in acetone is used to wipe out the surface. 
 Acetone  spraying on the substrate right after. 
 Isopropyl Alcohol (IPA) is sprayed on the wet substrate to evaporate the residues of 
Acetone. 
 An Air-gun is used to dry the surface completely.    
 The substrate is soaked in the semiconductor cleaner chemical (Semico-clean 23) for 10 
min at 60
o
C. 
 A cotton tip is used to wipe out the surface inside semico-clean. 
 A running water is used to finally wash the substrate surface for 1 min.   
 An Air-gun is used to dry the surface completely. 
 The substrate is baked at a hot plate of 110oC for 1 min. 
 
 
Fig. 41: The substrate trace after washing, the violet color of the 300 nm SiO2 , no traces of 
dust remain even under the dark field inspection.  
 The Sample was inspected under the optical microscope using the Dark field Mode. as 
shown in Fig. 41. 
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The Graphene sample.  
A kish graphite designated as "AP70 PV: Type B" is used for the preparation of the sample. A 
large and smooth flake piece is chosen and deposed on a scotch tape [43 ]. The flake is then 
cleaved multiple times on different orientation angels.  
 
 
Fig. 42: The AP70 PV: Type B kish graphite. 
 
The cleaving is initially made on a small tape then the original or mother patterns are 
transferred into a larger tape. The multiple exfoliations are made until the tape is halfway 
filled, it should be around seven to eight times. Then, the set should be copied one time into 
the second half. Finally, this tape is fixed from the edges, and another clean tape is used to 
cleave the samples from the first tape. This process is carried for around nine to ten times 
until the removed tape (the clean tape) is almost clean (remove a very small fragments from 
the original tape). Now looking at the fixed tape, the sample should look quit thin under light 
reflection.  
The next step is to select a thick area with a very large domain size. This domain size 
will define the obtained sample area size. Then the substrate is positioned on top of the 
targeted area. The wafers at these point should be picked from the hot plate and directly 
deposed on the selected areas, multiple selections should increase the probabilities.    
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Fig. 43: A very good technique to improve the size and the probability of finding a large 
graphene flake sample.  
 
Now to the most important step, rub the back of the tape firmly, and softly. Push too 
hard, or unevenly will fracture the sample into small areas. The rubbing should cover the 
whole substrate area few times. Finally, remove the tape slowly, as slow as possible. This 
process will also help to maintain the obtained sample domain.  Of course a plastic tweezers 
with flat ends are the ideal choice.   
 
 
Fig. 44: the rubbing process is done for about 10 sec per sample, one time firmly and gently. 
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Next to remove the tape residue from the substrate, the sample was annealed in 
(Ar/H2) gas mixture at a temperature of 400
o
C for 10 min. The annealing system MILA 3000 
with a Furnace, a ULVAC model system. 
 
 
Fig. 45: The MILA 3000, ULVAC model. 
 
 Now the sample thickness was confirmed using two different methods, the Atomic 
force microscopy AFM, and the green channel's gray value analysis.    
 
 
Fig. 46: The AFM Image Indicates the Thickness of 5.4 Å while the gray value indicates a 
value less than 10 which is clear indication for single layer of graphene. 
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The green channel analysis is basically used to filter the green channel of an RGB 
Image into three different channels. Each channel has a range of wave spectrum intensity (400 
– 660) nm as shown in (Fig. 47). The green channel has shown to have a very high intensity 
and reliable gray data that help us to observe any thin structure green component, this is why 
we use the 300nm SiO2 substrate, to increase the green spectrum intensity [44].    
 
 
Fig. 47: The RGB information distribution in the spectra region of nanometer wave lengths. 
 
 
 
 
 
 
 
 
 
56 
 
 
Photo-resist & Exposure.  
In this experiment a double layer photo-resist is used to prevent the sample contact metal 
from diffusing into the sample boundary areas which will greatly affect the contact resistance 
value. Thus, a combination of (HMDS, LOR 5A & V90) is used as a photo-resist layer, a 
negative photo-resist process. Firstly the sample was cleaned chemically to ensure that no 
dust or undesired materials are on site, the cleaning is done as: 
 The Sample is soaked in Acetone for 2 min. 
 Then, the Sample is soaked in Methyl isobutyl ketone (MIBK) for 2 min. 
 An Air-gun is used to dry the surface, gently. 
 The sample is baked at a hot plate of 110oC for 1 min. 
Thus, directly the photo-resist is applied to the sample as: 
 Apply hexamethyldisilazane (HMDS) to eliminate the existence of any air particle or 
deformation that might exists between the sample and metal contact. 
 Spin coat the HMDS as:  450 RPM for 3 sec 
 4000 RPM for 20 sec 
 6000 RPM for 2 sec 
 
 Baking at 90oC for 5 min to dry out.   
 Apply LOR 5A to eliminate the give the photo-resist a firm structure 
 Spin coat the LOR 5A as:  450 RPM for 3 sec 
4500 RPM for 60 sec 
6000 RPM for 2 sec 
 
 Baking at 160oC for 6 min to dry out, cooling for 5 min. 
 Apply V90 the photo-resist layer 
 Spin coat the V90 as:   450 RPM for 3 sec 
4000 RPM for 60 sec 
6000 RPM for 2 sec 
 
 Baking at 90oC for 5 min to dry out. 
 
 
Photo-lithography.  
The alignment system is equipped with a yellow lens to ensure yellow light to protect 
the photo-resist from direct bright light exposure. The alignment system is equipped also with 
an ultraviolet source. The exposure process is set to 6.4 sec ± 0.3 of exposure time. The 
alignment is used to implement a bowtie antenna structure design with side length of 1.2 mm. 
as known for a bowtie antenna structure the design of the two tied structure should emulate 
two triangles head to hear with cross point of the desired material. The base to base distance is 
defined by the half of the wave length of the targeted signal as shown in (Fig.48).  
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Fig. 48: Bowtie antenna design, it targets signals with λ < 650 µm the low Terahertz regime. 
 
The design target to provide a four terminal contact not to mention the real goal is to 
have a simple pure two terminals characterization using the two aligned terminals to observe 
the DC characteristics of the sample. The other terminals are functioning to detect any 
external influence such as terahertz radiations, which will reflect directly on the DC 
measurement of the sample. The actual distance between the bowtie antenna's head is 10 µm.  
 
Fig 49. The semi-bowtie antenna real pattern, for the observation of DC current. 
 
The contact's dimensions are 2 µm with three separations of 2 µm each, thus the total 
distance is 4 µm + 6 µm in which 10 µm. A practical design which collects the induced 
changes due to the antenna into region characterized by the two terminals, with a high 
symmetry in the dimensions. Then the sample is soaked in NMD-3 developer for 2 min, then 
the sample is washed in a continuous flowing water for 1 min and then baked on hot plate at 
110
o
C for 1 min to dry the photo resist induced pattern for metal deposition. 
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Metal Deposition & Lift-off. 
A combination of Palladium Pd or titanium Ti of thickness of 30 nm and Gold Au of 70 nm 
are deposed on the contact region. The use of palladium decreases the sample contact resistance 
oxidization rate. The process is carried in a vacuum condition level of 30 mPa.  Hence after, the 
supercritical carbon dioxide or chemical Remover 104 is used to lift of the metal for around 40 min. 
finally the sample is baked at 110
o
C for a 1 min. 
The device contacts' measurement.  
 The device source drain bias shows no threshold points at different back -gate biasing values 
also a small increment in the resistance can be observed in the device measurements. The graphene 
material due to the non existence of the band gap  in the monolayer and the extremely small gap in the 
bilayer, the threshold voltage required to turn the device into the conduction phase is unobservable, as 
shown in (Fig. 50).     
 
Fig. 50: The device contact I-V characteristics measurement observation. 
 
The sample contact resistance was measured and confirmed to be in good accordance with 
mask pattern shown in (Fig. 51). The highest resistance was 2 kΩ between the contact terminals 2 - 4, 
while the DC current measurement contact has an average resistance value of 800 Ω. The resistance 
value is determined by the distance between the contacts alongside in between existing contacts, the 
total contact area of the two terminals and finally the sample state i.e. defects free or not.  
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Here now it is the time to point, the process was carried for more than one sample. 
The above data is only for one of the samples for illustration. However other samples have 
almost very similar in their basic characteristics. 
 
 
Fig. 51: The device contact measurements & Dirac point observation at room temperature. 
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Plasma Etching. 
Plasma etching is a technique used in the fabrication of integrated circuits, that was originally 
introduced  for the first time in the early 70s. By the eighties, plasma etching was developed further 
into a technique capable of layers etching. For plasma etching reactive ion technique was the main 
technology, soon new techniques started to develop. Right after in the nineties, new techniques, as 
cyclotron resonance, and inductive coupled plasmas have arise. The use of plasma etching soon spread 
to the industry, but oppositely to other techniques as photo-lithography, the theoretical understand of 
the mechanisms involved in plasma generation and control is yet unclear. 
 
 
 
Fig. 52: The basic concept to realize the Plasma Etching System used for etching. 
 
Five years ago, when I joined the laboratory as research student, I started building 
such Plasma Etching System (PES). With the guidance from professor Aoki, we were able to 
construct such a system within three months. The system now is used as a part of the photo-
resist process. However, recently I was able to utilize the PES for graphene etching. The 
process uses the photo-resist as a protective layer, where the Plasma is used to etch the thick 
graphite structure into a thinner graphene layers. Or even it can be directly used to generate 
graphene oxide (GO) samples. The etching intensity can be controlled either by the power 
generator input or the electrodes displacement. furthermore, the etching condition can be 
controlled either by the supplied gas or the vacuuming level. the patterned etching process 
could produce an extremely accurate structures. However a lateral or vertical etching can only 
be done by fixing all these variables an depending on the time variation factor. 
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Fig. 53: The Plasma Etching System used for grahene etching. 
 
 Our trials so far has shown that, at 20W with perfect matching conditions i.e. power 
reflection of 0 W, and  electrodes separation of 20 mm, vacuum conditions of 10 Pa, in 
presence of Oxygen gas; etching for 40 sec can produce quit large graphene domain up to 500 
µm
2
. This process can generate a highly uniform boundary free graphene oxide sample. 
 
 
Fig. 54: The GO sample thickness of 7 nm generated by plasma etching out of graphite. 
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The Device Setup on the Sample Box.     
The sample box mainly is just a coplanar wave guide CPW connected to two terminals 
of SMA connectors limited to 18 GHz and one BNC connector to be used as a back gate 
voltage controller. The CPW is connected to the ground to stabilize the measurement to a non 
floating  reference. The whole structure is directly grounded to the external box structure. 
 
Fig. 55: The sample test box floor plan CPW pattern. 
The sample device was mounted on top of the small designed CPW stage to grant the 
easy conduction of small current while the protective environment is insured to keep the 
sample away from any electrostatic shocks or external thermal effects. This is very critical to 
obtain the best performance while keeping the resistance of the device maintained as low as 
possible.  
 Initially, the sample was attached to the structure using silver-paste. A small pieces of 
gold wires were used to connect the contact terminals to the box leads by silver paste. Then 
the resistance of the whole structure was measured once more to ensure the proper installment. 
The device measured a DC resistance was in the orders of few kilo-ohms. These values are 
different from sample to sample. 
 
Fig. 56: The sample stage box for the Terahertz detection step. 
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4.2.2.  Measurement setup  
 The experiment was carried at room temperature in a completely exposed condition to 
all external factors such as, heat, vapor and radiations. The test was carried on various phases, 
phase one is the GHz transmission regime; where a 0 dB signal was applied using the Anritsu 
MG 3694B frequency signal generator through the sample while detecting the response on the 
output side using Rohde & Schwarz NRP Z57 power sensor with a range of 67 GHz. The 
response has been superb where the system reflected the characteristics of the ATEM cable. 
Thus, the conclusion was "for a sample with no defects the Dirac point is observed below 30V 
of back gate dependence, hence the sample is capable of transmitting up to 50 GHz without 
any distortion of attenuation". With this observation a paper was published in JJAP 2011 [41]. 
In this work the trans-conductance of the bilayer graphene has indicated the possibility of fast 
responsivity by conducting up to 40-50 GHz.  This is in addition  to the performance of the 
bilayer as a buffering to remove the noise components was underlined and emphasized. The 
sample in this work was identified as a bilayer sample and was referred to as S1(GHz).  The 
data has shown a cut of frequency at 18 GHz, which is a characteristic of the measurement 
box. thus, we decide to upgrade the box setup . 
 
Fig. 57: Experimental setup for the GHz Experiment and close image of the sample. 
 
Fig. 58: The response for the GHz transmission experiment shows a cut-off at 18 GHz. 
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The second phase was the THz radiation, where the terahertz will be irradiated into the 
sample, while passing a very small current to monitor the resistance value. The terahertz was 
irradiated into the sample on periodic cycles of few minutes. Initially the sample was set to 
reach a stable state before the irradiation process is initiated. Each experiment has been done 
for about 8-10 cycles per each sample at two excitation biasing states of 10µV, 30µV. 
 
Fig. 59: The dual-frequency pulse Terahertz generation setup for 1 µW. Reprinted by 
permission from Springer Publishers Ltd: Applied Physics B [45], copyright 2013. 
 
The measurement has been performed in collaboration with Ass. Prof. K. Miyamoto 
from Professor T. Omatsu group's Laboratory. This lab is dedicated for the study of optics & 
laser manipulation and generation. Hence, the work was done by observing the response from 
a 0.6 µW Terahertz radiation at 1.85 THz [45]. The resistance change was monitored 
independently of the temperature effect. The light was directed in to a hole positioned on top 
of the pattern, thus the sample is almost isolated from the external environmental noise. 
 
Fig. 60: The Terahertz experimental measurement setup and the THz power performance 
characterization. *Reprinted by permission from Springer Publishers Ltd: Applied 
Physics B [45], copyright 2013. 
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4.2.3.  Data acquisition 
In this experiment, the main approach is based on explaining the resistance change as 
function of the equivalent induced temperature change. On other scale the induced 
temperature is expected to present some electron-phonon effect. Hence, the approach to 
understand the influence of each effect should be able to consider the role of all related 
elements. At the first phase, the data was collect manually by the rate of a reading every 30 
seconds, thus a six measurement for each state were measured. However, the changes are 
happening very fast thus the clear understanding was not obtained. For a better data 
acquisition methodology, a Lab View program was developed to obtain more data frequency 
up to 20 Hz for the second phase, which will provide us with more clear understanding. 
 
 
Fig. 61: The data acquisition set-up. 
The components used for this setup are; the KEITHLEY 2601 system source-meter  
and the AVS-46 AC resistance bridge RV-ELEKTRONIIKKA (with time constant limited to 
10 ms), connected to the Lab-view interface through the National Instruments GPIB-USB-B 
model. Then the required real time measurement setup are selected carefully to match the 
required utilities. The outcomes of the first phase experiment helped to confirm that the bias 
of 10µV and 30µV will influence the response by inducing different levels of thermal states, 
hence, the critical operation temperature is affected.. 
The following phases include, the second phase of the GHz experiment after modifying the 
box by replacing a SMK connector of 40 GHz in place of the SMA 18 GHz. The 
measurement has covered the comparison between the monolayer graphene and the bilayer 
graphene with back gate dependence. Finally, the THz experiment at a wide range of THz 
power and frequency range. These two phases have shown a very intriguing result which will 
be shown within the next chapter of this report.   
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The theory behind the bridge resistance. 
 The bridge resistance basic circuit is commonly used to estimate the value of an 
unknown resistance based on the balance state in a Wheatstone bridge  circuit. The structure 
basically consists of excitation source, two known resistances, a variable resistance to control 
the balance state due to the last unknown resistance Rx.    
 
 
Fig. 62: The Wheatstone bridge circuit explains the approach to estimate the unknown 
resistance with minimum induced thermal effect.     
 
 The ratio between the resistors defines the balance state as the potential between the 
two points A and B should approach zero: 
 
  
  
  
  
  
            Thus,       
    
  
    only if,          
Hence, the unknown resistance would be defined as a function of the potential due to the 
imbalance state. 
    
           
               
    
 
67 
 
 
5. Results & Discussion 
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5.  Result & Discussion 
5.1.  Data analysis: 
 A simple data analysis technique, based on the average of the measurement is 
considered. For a data sets of > 1000 measurement point, looking at the average value has 
provided a clear image of the variations. The obtained information was interpreted in different 
ways in order to clarify and confirm the simple observations. This experiment is one of the 
early attempts on its kind,  hence there are only few references to compare with.  
 The first phase results has shown the transport of frequencies up to 18 GHz (S1). From 
this point, the following experiments will be discussed as follows: second phase: THz 
irradiation at 1 µW on two different excitations of 10 µV, and 30 µV (S2, S3). The third 
phase: the GHz transmission with gate dependence (S4, S5). The fourth phase is multiple 
trials for THz irradiation at 1 µW, 9 mW, 14 mW, 18 mW on excitations of 10 µV (S6, S7).  
5.2.  Results: 
A clear change in the resistance was observed from before and after the THz irradiation. This 
change was also accompanied by some changes in the thermal state which induced some kind 
of total resistance change, i.e. time dependent factor, the data was analyzed for two set of 
states on the 10µV and 30µV sets. The data has been analyzed in a way to fit all observations. 
Initially the samples were classified into metallic type or semiconductor type based on the 
Resistance temperature dependence.  In this explanation the focus will be directed on two 
samples only; S2, and S3.  
 
Fig. 63: The samples S2 of the metallic type, S3 of the semiconductor type.  
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 Based on the resistances thermal responses, the samples were classified into S2 as 
metallic type characteristics, while S3 as semiconductor type of characteristics. The analysis 
will refer for S2 as metallic sample and S3 as semiconductor.  The measurement was carried 
on two excitation levels 10 µV and 30 µV to observe the low power dependence effects. 
        
Fig. 64: S3 and S2; the resistance response for 10µV excitation, the red line is the resistance    
variation data while the blue line is the background of the curve, the shaded regions 
indicate the irradiation periods.   
 
Fig. 65: S3 and S2; the resistance response for 30 µV excitation, the red line is the resistance 
variation data while the blue line is the background of the curve, the shaded regions 
indicate the irradiation periods.   
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The data measurement for S2 at 30µV excitation was not measured completely as well 
as for the other samples' case, thus the data ends at the 25 min reading. Now looking closely 
at the data sets provided in Fig. 63, Fig. 64, Fig. 65, we can observe a long time response 
which implies the back ground change is an induced thermal effect of the THz irradiations, 
the metallic type device have shown a resistance increase while the semiconductor shows 
resistance decrease clearly as observed as in Fig. 66, 67.  
       
Fig. 66: S2, S3; the resistance response for 10 µV excitation, the resistance variation data 
without the background curve or the fluctuation amplitudes. 
         
Fig. 67: S2, S3; the resistance response for 30 µV excitation, the resistance variation data 
without the background curve or the fluctuation amplitudes.   
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 To obtain a better insight, the back ground curve was subtracted out. While showing 
the ON state region in gray color & the OFF state region in white color as shown in (Fig. 66, 
67). Considering the device type and looking back to the resistance-temperature dependence 
we can tell that this effect is a very fast response that shows within a short response time in 
the orders of few microseconds, not only that but also this fast response on the electronic 
structure induces a further changes that will produce an opposite resistance variation as a 
response behavior.  
 The THz radiation is detected as some kind of thermal induced energy, where the 
device resistance shows a sudden response as resistance increase for the metallic device and, 
resistance decrease for the Semiconductor type device, as indicated by the black arrows in 
(Fig. 66, 67). However this only takes place while the radiation is effective, as soon as the 
irradiation effect stops, the electrons start to reconfigure themselves in a new arrangement 
which will shift the effective resistance completely to the opposite response due to THz 
irradiation to compensate for the new energy states.  
As for the metallic device, the THz impact will increase the resistance momentarily, 
soon after; the new induced internal energy states restructure cases a small drop in the 
resistance. Thus the final average or effective resistance value slightly increases. On the other 
hand, as for the semiconductor device, the THz impact will decrease the resistance 
momentarily, soon after that; the new induced internal restructure cases a sudden small 
increases in the resistance. Thus the final average or effective resistance value slightly 
decreases . 
 
Fig. 68: The response time to THz irradiation is the time required to restructure the energy 
distribution. 
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As data can provide us with reliable information, the probability of miss interpretation 
is possible, thus another approach is considered for the same analysis. A limited number of 
even states which include ON-OFF transition were considered to estimate the equivalent 
integration of the area under the curve (Fig. 69, 70) were calculated to observe the total region 
enclosed sign. The positive area indicates a resistance increase, while a negative area will 
indicate a resistance decrease.        
 
Fig. 69: The samples S2, S3; resistance response for 10 µV excitation, considering the 
average enclosed area under the curve.  
           
 
Fig. 70: The samples S2, S3; resistance response for 30 µV excitation, considering the 
average enclosed area under the curve.  
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The relative resistances change in the metallic device has shown a positive values in 
both cases of low and high excitation, while the relative resistances change corresponding to 
the semiconductor device has shown a negative values in both cases of low and high 
excitations. Such a result is indicated as shown at the table below, Table 1. 
 
Table 1: The corresponding relative resistances change of S2(M), S3(S) due to THz radiation 
based on the integration of the area under the curve. 
As a certain point in this discussion, the Bolometric effect has been observed and 
confirmed as shown by the resistance changes as in Table 2. This observation has shown an 
occurrence probability close to 88% of the cycles, which indicates the frequency independent 
of the surrounding disturbance. However, due to these surrounding noise conditions which are 
involved into the observations, some of these response might be interpreted as signs of the 
nonlinearity effects. Such conditions can't be observed clearly or certainly at such room 
temperature environment [41].   
 
Table 2: The corresponding resistances change due to the bolometric effect estimated by 
average resistance change. 
 The data so far has been analyzed with simple approach to ensure the reliability of the 
conclusions obtained at the end. It is clear that this experiment includes the conclusive 
remarks to say graphene is a good choice for developing THz sensing devices, considering the 
different response modes obtained depending on the device type.  Looking with more details 
into the pervious experimental results, a good insight to the setup which provide a better 
sensing characterization has been obtained. The right regime for such observational 
investigation in correspondence to the suited induced joule heating scales has been estimated. 
An induced power in the orders of few femto-watt has been estimated, thus the irradiated 
power down to few nano-watts are possible to detect. Such prediction can only be estimated 
by the noise equivalent power of the sensing device. 
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Fig. 71: The sample conductive type dependence on the induced irradiation power. 
semiconductor type can show a clear response in a very low power level. 
 This experiment has indicated some key point that we should consider while analyzing 
our data. The response in the resistance variation is actually a reflection of the changes 
induced into the fluctuation amplitude. Thus the following THz results data will be discussed 
based on such understanding. Then the origins of these response are to be investigated.  At 
this point the results regarding the second phase of the GHz measurement are to be presented 
for this measurement a two contact device with effective length equivalent to 5 µm has been 
used. Two device were used for this experiment a monlayer device S4, and bilayer device S5.  
 
Figure 72: The Samples S4(monolayer) , S5 (bilayer) used for the GHz measurements. 
 
30 µm 
 
30 µm 
 
75 
 
  
 The data was carried out just as described previously, with the upgraded contacts of 
the of SMK in place of the SMA [41]. The data was measured over a wide range of back gate 
voltage from -30 V up to 90 V. the dirac point of the bilayer sample was observed at 19 V for 
this time while, the monolayer Dirac point was estimated to be above 40 V. T he frequency 
response of the two device has shown a very interesting characteristics. The monolayer 
performance was extended up to the range of 40 GHz which is the limit of our frequency 
generator. while the bilayer has shown a cut-off frequency this time at 30 GHz as shown in 
Fig. 73. 
 
Fig. 73: the frequency response for the S4(monolayer) on the left, S5(bilayer) on the right. 
 
Fig. 74: The frequency response back-gate dependence for the S4(monolayer), S5(bilayer). 
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 The gate dependence recorded data highlights an intriguing idea, it tells us: at high 
frequency ranges a small change in the carrier density can affect the transport properties 
wither it is a high mobility material as the monolayer graphene or if it is a high mobility 
semiconductor as the bilayer  graphene material. These ideas can be used to implement some 
kind of logic switches that works at high range of frequencies above 50 GHz. Also the small 
peak in the bilayer device shown in Fig. 74 confirms that the bilayer energy gap with no 
mistakes are in the orders of the microwave at the GHz ranges.   
 Now from this point I start the result discussion of the main THz experiment over a 
wide range of effective frequencies and power intensities. In this explanation the focus will be 
directed on two different samples only; S6, and S7.  
 
Fig. 75: The samples S6 of the metallic type, S7 of the semiconductor type. The temperture 
coefficients are estimated as 5.73 Ω/K for the S6, and -89.65 Ω/K for S7. 
Based on the resistances thermal responses, the samples were classified into S6 as 
metallic type characteristics, while S7 as semiconductor type of characteristics. The analysis 
will refer for S6 as metallic sample and S7 as semiconductor from now on.  The measurement 
was carried on excitation level 10 µV. The experiment this time will be done on THz intensity 
of 1 µW as a dual THz pulse, and, 9 mW, 14 mW and 18 mW as a power pumped of 184.3 
µm of a continuous type [46]. The following data will show the real time resistance 
measurements and then the following data will show the corresponding resistance fluctuation 
data. The fluctuation data will be used to characterize the resistance variation which will 
provide a clear insight into the real sample changes. This data will be confirmed by looking 
into the induced fluctuation variations. 
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Fig. 76: S6 and S7;  the resistance response for 10µV excitation, the red points are the 
resistance at THz-OFF state, the blue points are the resistance at THz-ON state, the 
data set corresponds to different THz power intensities.   
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Fig. 77: S6 and S7;  the resistance fluctuation response for 10µV excitation, the red points are 
the resistance at THz-OFF state, the blue points are the resistance at THz-ON state, 
the data set corresponds to different THz power intensities.   
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      The graphene's electrical, mechanical [47], thermal [48], and optical [49] properties 
promise a new generation of THz thermoelectric detectors [50] with unique electron-hole 
symmetry and extreme mobilities [51]. At low temperatures, the photo-response can be 
explained by the photovoltaic effect. However, at room temperature, where kBT  EG; the 
photo-response can only be attributed to the fast bolometric or thermoelectric response due to 
hot carriers [52].  
      In a graphene conventional device, the lattices temperature are expected to vary 
differently. These variations are caused by the different bolometric induced-heating associated 
with the different absorption rates as indicted in recent studies [53]. Consequently, the 
incident photons would increase the device local temperature [54]. Thus, a monolayer 
graphene (MLG) film exhibits a resistance increase while a bilayer graphene (BLG) film 
exhibits a resistance decrease [51], almost independent of the carrier density. The two-
dimensional electron gas in a graphene sheet has shown extremely high mobilities of hot 
carriers [55], which provides a unique thermal conductivities, even at room temperature (RT) 
scales [56]. The mobility factor has demonstrated its importance for efficient field effect 
transistor (FET) detection above 1 THz. The high mobility is required to compensate for the 
plasmon waves, which are strongly damped due to phonons [49]. Hence, bolometric detection 
can outperform other terahertz detection techniques without any design nor bandwidth 
limitations. Recently, bolometric photo-response has been confirmed in both MLG and BLG 
[52]. 
     At RT condition, as the temperature increases, the local fermi energy (Ef) shifts 
according to the random variations of the carrier density as;           . Thus, the local 
carrier density (nc) starts to increase linearly in the MLG according to the unique linear 
dispersion [57]. In comparison, the net carrier density of BLG increases slight differently [58], 
and the net carrier density changes should be modulated into different fluctuation modes. 
Therefore, the induced temperature change should be reflected into the conductance 
fluctuation amplitudes [59]. Practically, at RT the phase coherent length falls below the 
commonly known scales, showing a quasi-ballistic conduction mode within the effective 
lengths of 2 µm [60, 61]. Although, such break-down was predicted, the graphene still 
maintains a very high mobility characteristics due to its unique dispersion which resembles a 
quasi-particle that can be described by a Dirac-like equation [62, 63].  
      In this study, we present a basic experimental approach to verify the possibility to 
develop a graphene FET for THz detection. The unintentionally induced disorders and 
topological imperfections from the silicon substrate nominate the bolometric detection as a 
promising candidate at high RT. Hence, the noise spectrum is analyzed, considering the 
resistance thermal fluctuation intensity as a measure of response. Recently, the understanding 
of the low frequency noise characteristics in the graphene has witnessed an increasing interest 
from many researchers [64]. 
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Fig. 78: S6 and S7 Hooge parameter from the device noise spectrum at regular room 
temperature conditions. 
 Following a similar approach, the resistance bolometric effect on different THz power 
intensities has been estimated. The increase in the irradiated THz intensity has shown a 
corresponding temperature increase  and thusly, a corresponding resistance change as shown 
in Table 3. 
 
 
 
Table 3: S6 and S7 the correlation between the induced temperature and resistance change are 
explained by the temperature coefficient directly. 
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5.3.  Discussion: 
 As a real impact, this result shows the possibility of using these devices for THz 
detection sensors. This idea is basically based only on the fact of the detection response; 
however the degree of this response can be utilized into many other uses. However the real 
deal comes where other material can't compete. The graphene device was able to show such 
response at room conditions, ambient temperature.   
 In this discussion, a simple picture to explain the transport behavior is presented to 
explain the effect for long time exposure for THz radiations; At room ambient conditions, the 
metallic behavior is explained by the easy motion of free electrons without the need for high 
excitation energy. However the case with semiconductors is completely different. Within the 
regime called valence band, electrons are completely filling the space tightly where motion is 
not allowed, due to the presence of the band gap that functions as a potential barrier shown in 
Fig. 79.   
 
Fig. 79: The electron conduction's band structure in metals and semiconductors. 
 Very soon, in presence of external THz radiations, the electrons of semiconductor 
material get excited from the valence band into the conduction band. Nevertheless a similar 
response closely enough can be observed in the metallic material where electrons in the 
conduction band or near obtain a higher energy that increase the density of the electrons, thus 
the chances of random collision increases as well. This state is a pure bolometric effect [65].  
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Fig. 80: The bolometric effect of THz radiations on electrons of metals and semiconductors. 
 Soon after stopping the external radiation, the electrons start to return to their previous 
low excited states. In case of the metal the picture is quite simple, where every electron can 
find a ground state level to fit in considering the existence of different sub-ground levels. 
However the scenario is a bit different any case of the semiconductor. Some electrons are kept 
in the conduction band due to the existence of the band gap region which prevents the return 
of some electrons to the valence band region – complete original state -, this is due to the 
temporary induced temperature effect that has not escaped completely. That can be shown by 
the coresponding resistance measurement which won't return back to the same state as before 
the irradiation. The induced new density of sates will have a very effective role as soon as 
device is once more exposed to the THz radiations. This state will be denoted as "Phase One", 
where some electrons are still excited in the semiconductor device. The current state is 
somehow closely similar to the picture in the original metallic device.  
 Now once more, the device is exposed to the THz Radiation for a second time, where 
the electrons are still under the effect of the first trial of THz radiation. Thus in the metallic 
device case the electron starts to move on as same as the semiconductor device electrons. In 
the metallic device the electrons will follow to move the current, however the previously 
excited states will be promoted with an extra energetic which will allow them to move into a 
higher conduction level. This behavior will shift the device average resistance into further 
level. On the other hand, the electrons in the semiconductor device will behave a bit 
differently.  Due to the previously excited states remaining at the conduction band the 
situation will be just as for the metallic device at "Phase One". The new excited states will 
have some electrons in the conduction band with different excitation levels, which only 
increase the rate of inelastic scatterings, thus the average resistance will start to increase 
gradually. This behavior has been observed on the low and high excitation level. [66]. 
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Fig. 81: The picture of the trapped sates in the semiconductor after turning OFF the THz. 
 
Fig. 82: Response of the metallic and the semiconductor devices based on resistance change. 
     Now this change can be explained as the response of the electrons in the 
conduction band getting excited either coherently on incoherently, hence this induces a lot of 
electron interactions thus the resistance is changed. Putting this aside the graphene can show 
us a clear response at low radiation levels rather than the high power levels that induces 
thermal effect, thus a very high fluctuations are introduced.  The difference between power 
excitation levels; is clear shown at which point where the system starts to respond to the THz. 
the high excitation level of 30 µV, will introduce the change in the average resistance a bit 
faster than the low excitation level of 10 µV. 
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 In the main discussion; we try to understand the origins of the 1/f
2
, 1/f noise. Then, we 
focus on the correlation between the bolometric effect and the induced 1/f thermal noise. 
Consequently, we investigate the physics behind the thermal equilibrium mechanisms based 
on analyzing the noise power spectral density (PSD). Also, we look briefly into the MLG and 
BLG device sensitivities relationship to the Hooge parameter as function of the induced 
thermal variations.      
A. The origins of 1/ f 
2
, 1/f  noise in monolayer, bilayer graphene (MLG, BLG). 
  The reproducibility of the Brownian motion is a reflection of the dominant diffusive 
nodes scatterings as an equilibrium mechanism. The 1/f
2
 behavior dominates with a slow 
thermal-equilibrium mechanism assisted by the thermal conductivity. This effect has been 
explained as a function of the material physical thickness in relation with the carrier density 
[67], as shown in the insets of Fig 83. These noise components are basically due to the 
charged trapping states and phonons that prevent the carriers from getting involved in the 
generation of the high frequency end of the 1/f noise spectrum [68]. In a conductor, the 
thermal equilibrium changes must be shown in the 1/f noise spectrum changes19. The noise 
spectrum effective intensity represents the fluctuation amplitudes which reflect the MLG or 
BLG surface topography [68]. Hence, we consider to observe the equivalent changes induced 
at the device noise spectrum [64]. The presence of the 1/f noise component shows the THz 
irradiation as pointed by the transition from the 1/f
2
 mode to 1/f mode. Such a transition has 
occurred at a frequency value equals to 0.0033 Hz, corresponding to the THz switching period 
of 5 min as shown in Fig. 64. 65. The transition range corresponds to the device response time, 
estimated by 12.7 sec for the MLG and 20.6 sec for the BLG. Thus, the thermal noise state 
was maintained throughout the 5min period in the form of the induced 1/f  thermal mode. The 
intensity of the noise amplitudes has shown a clear power dependence over a wide range of 
frequencies as in Fig. 83, (the inset data corresponds to the noise intensity without the ON-
OFF transitions with and without THz @ 1 µW).    
 
Fig. 83: The noise spectrum of S6, S7, at different THz intensities. the inset shows the 1/f
2
. 
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B. The thermal noise as 1/f noise.  
      The 1/f noise intensity amplitudes for each device - at THz-ON and THz-OFF - have been 
analysed to estimate the THz response variation due to different THz power intensities as in 
Fig. 84. Based on the Debye–Waller theory, thermal induced vibrations are expected to 
reduce the intensity of the Fourier transform diffraction peaks [69]. The original data has been 
smoothed in order to show the response mean average clearly. Thus, a small deviation from 
unity in the 1/f power exponent can be observed as the THz is irradiated. The origins of this 
phenomena is explained by the thermal fluctuation component that either increases or 
decrease the life time of the original fluctuation behaviour. The MLG device has shown a 1/f 
power exponent of 0.89 ± 0.01, while the BLG device has shown a 1/f power exponent of 
1.05 ± 0.04. The 1/f noise is equivalent to the thermal effect combination of the bolometric 
and the phonon effect contributions.  
 
 
Fig. 84: 1/f spectrum component: S6 on the left, S7 on the right, the deviation from unity . 
 
 Hence, the noise intensities have shown a similar THz responsivity to the data 
estimated by the actual resistance fluctuations as shown in Fig. 85. The induced bolometric 
response and the increasing noise intensities are a mere reflection of the thermal noise 
components. This observation indicates the interplay of different modes in the generation of 
the 1/f noise. The system tries to maintain the thermal entropy under balance by exerting 
different fluctuation mode intensities.  
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C. The thermal noise as a Bolometric response.  
 In order to confirm the bolometric response effect, a fluctuation analysis has been 
applied to discuss the resistance data. Accordingly, the BLG device has shown a  larger 
fluctuation amplitudes by an order in magnitude compared to the MLG device [61]. The 
fluctuation amplitudes has been estimated based on the statistical definitions of the root mean 
squire and standard deviation. Then, resistance changes have been expressed in accordance 
with the induced temperature changes and       for each device. The background of the 
original data has been predicted using a highly weighted smoothed version, which 
corresponds to the thermal-equilibrium mode shown as 1/f
2
 noise [68]. The smoothing degree 
has been adjusted to ensure that the non-effective state matches an average fluctuations close 
to zero at THz-OFF states. Considering the devices      , it has been expected to observe a 
resistance increase in the metallic MLG FET and oppositely a resistance decrease in the 
semiconducting BLG FET [51] as the THz has been irradiated. Thus, a small temperature 
increment in the orders below one Kelvin has been observed, due to the incident photon 
energies [70].  
 ` 
 
Fig. 85: The noise spectrum correlation to the change induced to the resistance fluctuations. 
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D. The static & dynamic response & the bolometric effect. 
  In order to clarify the origins of this phenomena, we focus on the 1/f noise power 
spectral density (PSD) and its variation as a function of the THz intensity. The PSD can be 
expressed as;        
                    , where   is the static time 
independent term,   is the first order dynamic time-dependent term, and   is the second order 
dynamic time-dependent term. The   term shows amplitudes similar to the noise and the 
resistance fluctuations as indicated in Fig. 86. The   ,   terms both indicated a continuous 
increase with different orders of magnitudes. The   term temperature dependence has been 
well described by the electron-phonon coupling expressions [71, 72] considering the Fröhlich 
interaction. Such interaction has been a dominant scattering mechanism at RT scales [73] as 
shown in Fig. 85. The data clearly shows the correlation between the equivalent induced 
temperature and the corresponding electron phonons [74] which can be explained in term of 
the thermal conductivities [48]. The bolometric components have been shown as a higher 
magnitudes in comparison with the phonon components.  
 
 
Fig. 86: The noise spectrum power spectral density, shows the relation between the phonon 
and the bolometric effect. 
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E. The Hooge parameter & thermal effect.  
 The response sensitivities (δR/δP) have been estimated as 65.39 Ω/mW and -663.4 
Ω/mW for the MLG FET and BLG FET respectively, equivalent to 152.93 µA/W and 15.07 
µA/W. These responses can be increased by two orders of magnitude if the biasing conditions 
are increased to the millivolt order. Most of the switching periods have shown a high level of 
reproducibility with nearly equal average values. The devices performance have shown a 
noise equivalent power (NEP) equivalent to 2.4 pW/√Hz for the MLG FET, and 0.23 pW/√Hz  
for the BLG FET. These values are lower in comparison with the data reported by other 
groups [75, 76]. These values can be confirmed by checking the temperature dependence of 
the Hooge parameter (αH). At RT condition, the αH in the MLG and BLG have been estimated 
as 5.3 x 10
-4
 and 9.1 x 10
-5
, respectively. The Hooge parameter is a dimensionless factor that 
describes the fluctuations intensity defined as        
         , in terms of the mobility 
and the carrier density. Hence, it's appropriate to consider the influence of the temperature 
effect on αH. The estimated values of αH have provided an insight to the temperature range for 
each device as shown in Fig. 87. Both devices have shown by a 1/T dependence with a small 
deviation from unity just as the 1/f noise.  
   
 
Fig. 87: The Hooge parameter as function of the induced temperature shows a 1/T 
dependence. The Hooge parameter is consistent with the temperature coefficients. The 
sensitivity of the MLG is higher than the BLG by 4 times.        
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 Therefore, it can be considered that the MLG shows a reliable operation at high 
temperature ranges, while The BLG has been reliable at lower temperature ranges.   
 Previously, the photoconductivity of biased graphene study has reported that the 
thermoelectric effect dominates at no bias conditions [52]. In our experiment, a similar 
condition has been induced by irradiating THz into our  biased graphene device. Considering 
the bowtie antenna size, different bolometric states should have been induced with an incident 
or reflected photon [64]. Hence, the graphene surface should experience a different 
temperature entropy phase depending on the graphene thermal conductivity [64]. At this point, 
the thermoelectric effect should arise as a dominant role even in our graphene. The THz 
irradiation should affect on the fluctuation amplitude and their corresponding frequencies. 
The energies due to the induced entropy states exerts different fluctuation modes [61]. This 
variation indicates an interplay of the thermoelectric effect and the bolometric effect which 
should be maintained in the equilibrium state [61].  
  Finally, the semiconductor device shows a less consecutive bolometric responses at 
higher THz intensities. These non bolometric responses can be explained by the metal to 
semiconductor transition, that take place as the temperature change due to the silicon dioxide 
hardness effect [77]. The average of successive bolometric detections clearly shows a good 
agreement with the MLG and the BLG temperature dependence [51].  
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6.  Conclusion. 
The Graphen material has shown us a new way to understand and to look into classical 
and quantum physics. The existence of such a simple two dimensional structure was able to 
gives us a new point of view with further insights. However not yet, the real applications have 
not seen the light. On the other hand, THz wave Regime has been utilized thoroughly to 
investigate the quantization of energetic for materials not to consider even for humans lately.  
In our study we used THz radiations to acquire an insight into the electron transport behavior 
of the Graphene material. 
 In conclusion, the MLG and BLG FET have been used to develop a RT possible 
wideband (75 to 184.3 µm) THz detectors. The graphene devices have shown a unique 
response and characteristics directly explained by the temperature coefficient of each device 
as metallic or semiconducting characteristics. The basic understanding of the thermal 
conductivity properties can be utilized for many RT applications. The 1/f noise spectrum has 
been explained by the additional thermal noise that shows as bolometric effect and phonon 
induced scatterings, in proportion to the THz power intensities. Previously, the 
photoconductivity of biased graphene study has reported that the bolometric effect dominates 
the photo-response [52]. We believe this heating effect had been induced through two 
mechanisms; the direct effect from the THz irradiation on the graphene, and the indirect effect 
from the accumulated heating in the SiO2 generating the acoustic phonon modes, which 
increases as the time passes on [65, 74]. The energies due to the induced entropy states exerts 
different fluctuation modes2 that translates into phonons. This variation indicates an interplay 
between the thermoelectric effect and the bolometric effect which maintains the equilibrium 
state17. Thus, the semiconductor device has shown a less consecutive bolometric responses at 
higher THz intensities. These non bolometric responses can be explained by the metal to 
semiconductor phase transition [77], that take place as the temperature change due to the 
silicon dioxide hardness effect.  
 . The 1/f
2
 noise behavior should be interpreted as a slow thermal equilibrium 
mechanism which extends up to the 10 Hz. Due to the bolometric response in the device to 
the THz, the 1/f thermal noise component has been observed at the THz ON-OFF  frequency 
of 0.0033 Hz. The 1/f noise spectrum has been explained by the additional thermal noise that 
shows as bolometric effect and phonon induced scatterings, in proportional to the THz power 
intensities. The observation of the noise spectrum has shown two clear responses of THz 
detection.  (1) The thermal induced noise due to bolometric and phonons effects. (2) The 
exponent of 1/f noise clearly deviates from unity as 0.89 ± 0.01 in the MLG and 1.05 ± 0.04 
in the BLG. Finally, an interplay between the first order and second order dynamic noise 
components has been observed. The influence of the   term increases but the    term 
decreases, proportional to the THz power increase. Therefore we need a further more 
investigation in order to clarify the real origin 
Since the discovery of the elusive graphene material, scientists have been trying their 
best to comprehend the finest detail behind such existence.  Although such a thin structure 
provides us with a better chance to understand and observe, we are still shocked by a new 
discovery every time we stumble upon an unexplained phenomena. A more careful 
observation and investigation is needed to obtain the ultimate understanding. 
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